Objectives: To determine the incidence of neurogenic fever (NF) in a population of patients in the acute phase following severe traumatic brain injury (TBI); to identify factors associated with the development of NF following severe TBI in adults. Methods: Charts of patients admitted from 1996 to 1999 with severe TBI at a large, urban mid-Atlantic teaching hospital were retrospectively evaluated based on diagnostic criteria for each episode of hyperthermia to determine the diagnosis of NF. Data were collected regarding mechanism and area of injury, severity of injury, and demographic factors to determine potential predictors of NF. Results: Diffuse axonal injury (DAI) (OR 9.06, 95% CI 0.99 to 82.7) and frontal lobe injury of any type (OR 6.68, 95% CI 1.1 to 39.3) are independently predictive of an increased risk of development of NF following severe TBI. The presence of a skull fracture and lower initial Glasgow Coma Score (GCS) were individual predictors of development of NF, but did not contribute to the final model. Conclusions: These findings examine known and novel risk factors for this phenomenon in comparison to previously published literature on NF. A set of predictor variables was identified to help clinicians target patients at high risk for development of NF following severe TBI. It is hoped that earlier diagnosis and appropriate intervention for fever in the TBI patient will lead to improved outcomes. P atients with TBI frequently experience febrile episodes that may be of infectious or non-infectious origins. Neurogenic fever is a non-infectious source of fever in the patient with TBI. Until recently, NF was thought to be a relatively rare consequence of TBI, but other studies have reported that 4-37% of TBI survivors experience this sequela.
P atients with TBI frequently experience febrile episodes that may be of infectious or non-infectious origins. Neurogenic fever is a non-infectious source of fever in the patient with TBI. Until recently, NF was thought to be a relatively rare consequence of TBI, but other studies have reported that 4-37% of TBI survivors experience this sequela. [1] [2] [3] [4] Neurogenic fever results from a disruption in the hypothalamic set point temperature which results in an abnormal increase in body temperature and is thought to be caused by injury to the hypothalamus. 1 2 5 6 TBI results in many different types of injury, and at this point it is unclear if one particular type is associated with an increased incidence of NF. From cadaveric studies it is known, however, that hypothalamic injury is common in patients after TBI as 42.5% of the brains prosected had evidence of hypothalamic injury. 7 No data are presently available to describe the incidence of hypothalamic injury in survivors of TBI.
Most reports characterise the patient with NF as being relatively bradycardic, having a notable absence of perspiration, having a plateau-like temperature curve (no diurnal variation) that persists for days to weeks, the temperature being characteristically very high, and resistant to antipyretic medications. 2 4-6 8 These criteria were utilised in aiding in the diagnosis of NF during data collection. Neurogenic fever may be associated with the presence of prolonged unawareness or coma state and diabetes insipidus. 4 9 Currently NF is a diagnosis of exclusion and the diagnostic work up of the TBI patient with fever must be exhaustive before the diagnosis can be made. 2 9-11 This often leads to expensive, invasive, and often painful tests in order to make the diagnosis. 11 12 As a result of the lengthy diagnostic period for NF, the start of rehabilitation is often delayed as the patient is viewed as medically unstable and this delay may impact the patient's ultimate functional recovery.
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The neurologic effects of fever are significant as increased temperature in the post-injury period has been associated with increased local cytokine activity, increased infarct size, and poorer outcomes in the acute phase of injury. [13] [14] [15] [16] [17] This is, in part, related to the fact that patients at risk of intracranial hypertension may be significantly affected by rises in temperature because the intracranial blood volume increases with temperature. This reduces compliance and puts the brain at risk for further injury. 6 Hyperthermia, from fever or other sources, when high enough (>43°C), has been reported to cause neuronal injury in normal brain, and lengthy periods of moderate (40°C) hyperthermia have been reported to alter brain structure and functioning. 13 18 Dietrich and colleagues examined the central nervous system effects of hyperthermia following both global cerebral ischaemia and fluid percussion TBI in rodent models, reporting that hyperthermia significantly increased mortality and cellular damage. 14 19 Additionally, the TBI patient is at risk of secondary injury from fever as for every 1°C rise in body temperature, there is a 13% increase in the metabolic rate. 20 This taxes the stressed energy reserves of the severely brain injured, catabolic patient. The higher metabolic demand of fever exacerbates this problem, and can lead to additional loss of muscle and fat stores.
The treatment of NF includes use of external cooling methods until the diagnosis is made and appropriate drug therapy may be started. Many drugs have successfully been used either anecdotally or in case reports to treat NF including: bromocriptine, amantadine, dantrolene, and propranolol. 1 2 As each of these drugs has significant potential side effects (for example, hypotension, gastrointestinal bleeding), routine use without a relatively firm diagnosis of NF is not prudent. Thus, the development of a predictive model to aid in the diagnosis of NF would be a valuable addition to the current state of the science. The purposes of this study were to determine the Abbreviations: CT, computed tomography; DAI, diffuse axonal injury; GCS, Glasgow Coma Score; HP, hypothalamic-pituitary; ISS, Injury Severity Score; MRI, magnetic resonance imaging; NF, neurogenic fever; TBI, traumatic brain injury incidence in the acute phase of injury and to identify factors associated with the development of NF following severe TBI in adults.
METHODS

Design
A retrospective analysis of chart data was used for this exploratory study. Subjects for this study were patients diagnosed with NF identified from the head injury databank for years 1996-99 at the Medical College of Virginia Hospital/ Virginia Commonwealth Health System. The comparison group was patients with a diagnosis of severe TBI without a diagnosis of NF. For each patient, the entire chart was reviewed for episodes of hyperthermia/fever and for each episode of hyperthermia, a determination of aetiology was made. The diagnosis of NF was made based on reviewing available patient data following the diagnostic algorithm (fig 1) .
Sampling criteria
The potential sample consisted of adult patients with severe TBI admitted to a large, urban, teaching hospital located in the mid-Atlantic area, designated as a level I trauma centre for years 1996-99. Exempted Institutional Review Board approval was obtained prior to study initiation.
Inclusion criteria for both cases and controls in this study were: (1) patient who required hospitalisation for an admitting diagnosis of severe TBI who was alive at least two weeks after initial injury; and (2) patient must be over 18 years of age. According to the limited data available, TBI patients experience NF more frequently than patients with other neurological deficits such as non-traumatic subarachnoid haemorrhage, and are more vulnerable to the metabolic consequences of fever. 3 Neurogenic fever generally does not develop in the hyperacute phase of TBI, thus the two week survival criteria.
Exclusion criteria included patients with a history of malignant hyperthermia as they have an altered baseline thermoregulatory mechanism. Of the 167 patients admitted in 1996-99 with severe TBI, 87 patients met criteria; full medical records were not available on all of the remaining subjects, thus the final enrolment was 76 (see table 1 for summary of excluded patients). 
Instrumentation
The mechanism of injury was collected from the chart, and checked for congruence with the trauma registry and head computed tomography (CT) and/or magnetic resonance imaging (MRI) films. The presence of hyperthermia in the six hours immediately following the TBI as a predictor for development of NF was determined by chart review of vital sign recordings. Hyperthermia is defined to be a temperature of 1°C or more above patient baseline if normothermic at time of initial assessment, or any temperature of 38.5°C or above. The presence of hypothalamic-pituitary (HP) dysfunction was determined by chart review for the diagnosis of diabetes insipidus, evidence of abnormal prolactin secretion, or secretion of inappropriate antidiuretic hormone during the hyperacute phase of care.
Initial head injury severity was measured by the GCS. 21 Injury severity was measured by the Injury Severity Score (ISS). 22 The ISS is the sum of the squares of the most severe injury in each of the three most severely injured body regions. The six body regions on which the ISS is based are head/neck, face, chest, abdomen/pelvic contents, extremities/pelvic girdle, and external. The ISS is scored on a scale of 1 (least severe) to 75 (most severe). 22 
Data collection procedures
Once access to the dataset was obtained via exempted Institutional Review Board approval, the head injury registry was reviewed for patients meeting inclusion criteria for the years 1996-99. The identified subject's medical record was reviewed to confirm the presence/absence of NF utilising a diagnostic algorithm (see fig 1) and the subject was allocated to either the case or control group. For this study, identification of a case was made on the presence of a diagnosis of NF. The diagnosis of NF is one of exclusion and is based on a multitude of tests and assessment data including negative culture results, ruling out other possible sources of fever in the patient (see fig 1) , and the presence of previously discussed clinical symptoms such as relative bradycardia and lack of diurnal variation. 5 As data collection was retrospective, not all patients had all testing required to definitively confirm NF per the algorithm; therefore, any uncertainty in the classification of cases and controls was resolved by discussion with a second clinician. The medical record was reviewed for demographic data (including age, sex, and race) to ensure the sample was representative of the TBI population. Temperature recordings in the patient's medical record for the first six hours after injury were reviewed for the presence of hyperthermia and hypothermia as potential predictive factors for later development of NF. The subject's pertinent head CT and MRI scans and reports were reviewed for type of injury. If necessary, confirmation of radiological findings were sought from a neuroradiologist. Injury severity scores were culled from the trauma registry at the institution.
Statistical analysis
This case-comparison study utilises logistic regression analysis to answer the research questions of interest. All data management and descriptive and inferential statistical analyses were performed using the SPSS 8.0 statistical software package. Initial GCS on admission was classified into one of four levels based on head injury severity: 3-4 (most severe), 5-8 (severe), 9-12 (moderate), and above 13 (mild). The most severe category was used as the referent group in the comparative analysis.
RESULTS
From 1996 to 1999, 76 patients with severe TBI were available for study. Table 2 presents demographics on the patient population. The incidence of NF in this population was 11.8% (9/76). Each of the variables was tested independently for association with development of NF following severe traumatic brain injury using univariate logistic regression (results are presented in table 3). The set of factors that exhibited a significant (p < 0.05) or relatively significant (p = 0.10) association with development of NF remained in the model (GCS, diffuse axonal injury, frontal injury, skull fracture). Both backward and forward Wald model building was used to arrive at the final set of predictor variables (table 4). Of the four patient attributes tested, only two entered the logistic regression model as independent predictors of development of NF following severe TBI. These predictors in order of relative prognostic strength are presence of diffuse axonal injury and frontal lobe injury of any type.
Diffuse axonal injury
Patients with diffuse axonal injury (DAI) present on imaging studies were 9.1 (95% CI 0.99 to 82.7) times more likely to develop NF than TBI patients without DAI, all other factors being equal. 
Frontal lobe injuries
Patients with frontal lobe injuries were at a statistically significantly increased risk for development of NF in comparison to those without frontal lobe involvement, being 6.7 (95% CI 1.1 to 39.3) times more likely to develop this sequela of TBI. This model has good overall correct predictive value (92.0%). Diffuse axonal injury entered into the model despite having a significance value of p = 0.0508. Removal of DAI from the model resulted in a poorer predictive model. Thus, the best predictive model is presented (table 4), and was confirmed with regression modelling.
Attributes not independently predictive Glasgow Coma Score, as a measure of severity of brain injury, individually predicted the development of NF, but did not contribute to the model after adjustment for the above factors. The severely injured patients with GCS scores on admission of 5-8 were at a statistically significantly increased risk (p = 0.0339) for development of NF in comparison to the referent group. This was likely due to the fact that the majority of subjects (n = 48) fell into this category, thus distribution was not equal throughout. Once adjustment was made for other factors in the overall model, this attribute fell out as a significant independent predictor. Skull fracture was also individually predictive of NF development subsequent to severe TBI, but did not contribute to the overall final model.
DISCUSSION
In this retrospective study, there is an increased risk of development of NF among patients with severe TBI who had experienced either DAI or frontal lobe injury of any form. These data are novel in attempting to establish a relation between injury factors and later development of this sequela in survivors of TBI. Additionally, this is thought to be the first study to examine this complication following TBI in a group of acutely injured adults. Limitations of this study include its retrospective nature, the small number of identified cases, and the exclusion of TBI patients less than 18 years of age (related to exempted review requirements).
Approximately 20 000-45 000 patients suffer significant physical or functional deficits as a result of TBI induced DAI in the United States each year, and it is the most common cause of persistent vegetative state in TBI patients. 23 Thus, as previous studies in comatose patients following TBI 4 24 have found an association between NF and persistent vegetative state, it is not surprising that this study found DAI to be an independent predictor of NF development. Severe DAI is associated with lower GCS scores with midbrain and brain stem injury, 23 and would be a likely mechanism of hypothalamic injury following TBI as the thermoregulatory tracts of the hypothalamus are deep brain structures.
In the original study design, an attempt was made to determine the presence of hypothalamic injury from imaging studies, as no information in surviving patients has been published to date and would likely have been quite useful in this analysis. Determining the presence of hypothalamic injury proved to be extremely difficult based on available studies. Because of the retrospective nature of the study, a decision was made to cease collecting this information following consultation with a radiologist as CT scans of the head for evaluation of traumatic injury generally do not include the precision within the diencephalon required to make this determination. Prospective studies should include provision of analysis of the hypothalamus for damage in the design whenever possible. Injury to the frontal lobe was an independent predictor for development of NF. As the frontal lobe contains no major thermoregulatory centres, it is possible that frontal lobe injury serves as an indication of hypothalamic injury in this study given the nature of mechanical forces within the skull during injury and the proximity of the hypothalamus to the ventricles. Skull fracture was also an individual predictor of NF, but was not an independent predictor for development of NF. Skull fracture has previously been associated with other indicators of hypothalamic injury following TBI such as diabetes insipidus. 25 No information was collected on the individual site(s) of skull fracture in this study. It would be important in future studies to determine if location of the fracture in proximity to the hypothalamic region (for example, anterior fossa) may increase this risk. Evidence of HP pathology, such as diabetes insipidus or syndrome of inappropriate secretion of antidiuretic hormone, was not an individual predictor of NF despite previously published reports suggesting an association. 9 This finding may have been related to the relatively low number (n = 11) of TBI patients exhibiting HP pathology in this study as well as a function of the small number of cases seen. Table 5 presents a summary comparing this study's findings with work to date.
Fever in the severely injured TBI patient is a commonly encountered diagnostic and management problem. 27 28 Rapid control of the hyperthermia associated with fever in the TBI patient is essential as it is associated with worsened outcome in both experimental and clinical studies. 14 19 29 Sources of fever in this population are numerous, and diagnosis often made more difficult as patients cannot communicate their symptoms to the clinician. Differentiating a patient with a NF from a patient who is has true infectious or inflammatory source to the fever is a critical diagnostic decision for the clinician caring for the TBI patient to make. The two treatment regimens differ significantly; thus rapid and proper diagnosis and treatment is essential for control of fever and optimisation of patient outcome following TBI.
It was not possible to strictly follow the algorithm in determining the presence of NF, as not all tests were performed on each patient in the study because of the retrospective nature of the data collection. In these cases, any uncertainty in the classification of cases and controls was resolved by discussion with a second clinician. This process generated discussion between investigators regarding the most appropriate history, physical examination, and diagnostic work up for NF. As the diagnosis of NF is currently a diagnosis of exclusion, additional information that may help the clinician in more rapidly identifying the ultimate source of hyperthermia may be a valuable diagnostic aid. While the algorithm presented in fig 1 should remain the standard for diagnostic work up of NF, not every patient will fit an algorithm, nor is it always feasible to strictly follow one.
Conclusions
These findings suggest that clinicians working up patients with severe TBI who are experiencing unexplained fever need to additionally consider the presence of two presenting factors: DAI and frontal injury in their assessment. If the patient experienced either factor, the clinician's suspicion for the diagnosis of NF should be increased as these data suggest that the patient's risk is significantly elevated by their presence. It is hoped that earlier diagnosis and appropriate intervention in this patient population will lead to improved outcomes. These initial findings are intriguing; however, due to the small sample size they should be interpreted with prudence. Further work in this area is needed with additional patients and sites, prospective data analysis for confirmation of findings, and specification of site of skull fracture. 
